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Abstract: Real-time fMRI neurofeedback is a feasible tool to learn the volitional regulation of brain
activity. So far, most studies provide continuous feedback information that is presented upon every
volume acquisition. Although this maximizes the temporal resolution of feedback information, it may
be accompanied by some disadvantages. Participants can be distracted from the regulation task due to
(1) the intrinsic delay of the hemodynamic response and associated feedback and (2) limited cognitive
resources available to simultaneously evaluate feedback information and stay engaged with the task. Here,
we systematically investigate differences between groups presented with different variants of feedback
(continuous vs. intermittent) and a control group receiving no feedback on their ability to regulate
amygdala activity using positive memories and feelings. In contrast to the feedback groups, no learning
effect was observed in the group without any feedback presentation. The group receiving intermittent
feedback exhibited better amygdala regulation performance when compared with the group receiving
continuous feedback. Behavioural measurements show that these effects were reflected in differences in
task engagement. Overall, we not only demonstrate that the presentation of feedback is a prerequisite to
learn volitional control of amygdala activity but also that intermittent feedback is superior to continuous
feedback presentation.
DOI: https://doi.org/10.1016/j.neuroimage.2017.10.031
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far,	 most	 studies	 provide	 continuous	 feedback	 information	 that	 is	 presented	 upon	 every	 volume	
acquisition.	 Although	 this	 maximizes	 the	 temporal	 resolution	 of	 feedback	 information,	 it	 may	 be	
accompanied	by	some	disadvantages.	Participants	can	be	distracted	from	the	regulation	task	due	to	
(1)	 the	 intrinsic	 delay	 of	 the	 hemodynamic	 response	 and	 associated	 feedback	 and	 (2)	 limited	
cognitive	resources	available	to	simultaneously	evaluate	feedback	information	and	stay	engaged	with	





with	 the	group	 receiving	 continuous	 feedback.	Behavioural	measurements	 show	 that	 these	effects	












therefore	 offer	 numerous	 possible	 applications,	 having	 the	 advantage	 of	 being	 both,	 non-invasive	6	
and	 allowing	 for	 whole	 brain	 coverage,	 which	 allows	 targeting	 of	 even	 subcortical	 structures.	7	
However,	 there	 are	 several	 technical	 challenges	 in	 developing	 rt-fMRI	 paradigms,	 discussed	 at	 the	8	
first	 conference	 on	 real-time	 fMRI	 neurofeedback	 in	 Zurich	 2012	 and	 summarized	 by	 Sulzer	 et	 al.	9	
(2013).	One	issue,	for	example,	relate	to	the	superiority	of	implicit	vs.	explicit	mental	strategy	use	or	10	
the	appropriate	experimental	control	condition,	with	sham	feedback	(e.g.	Caria	et	al.,	2007;	Linden	et	11	
al.,	 2012;	 Rota	 et	 al.,	 2009;	 Yoo	 et	 al.,	 2008)	 or	 no	 feedback	 conditions	 typically	 applied	 (e.g.	12	
deCharms	 et	 al.,	 2005;	 Hartwell	 et	 al.,	 2016;	 James	 Sulzer	 et	 al.,	 2013).	 Another	 debated	 issue	13	




provides	 participants	 with	 feedback	 information	 at	 the	 highest	 possible	 temporal	 resolution.	18	
However,	 there	 might	 be	 some	 constraints	 that	 neutralize	 the	 beneficial	 effect	 of	 high	 temporal	19	
resolution:	First,	the	cognitive	load	of	continuous	feedback	paradigms	is	enormously	high.	Attention	20	
has	to	be	divided	between	the	application	of	a	regulation	strategy	and	monitoring	of	the	feedback.	21	
Depending	 on	 the	 nature	 of	 the	 regulation	 task	 at	 hand,	 the	 focus	 of	 attention	 may	 have	 to	 be	22	
redirected	 between	 internal	 (regulation)	 and	 external	 (feedback).	 Further,	 the	 time	 lag	 of	 the	23	







2003;	 Shibata	 et	 al.,	 2011;	 Yoo	 and	 Jolesz,	 2002).	 It	 has	 to	 be	 noted	 that	 the	 term	 ‘intermittent	29	
feedback’	might	be	misleading	 and	has	 to	be	differentiated	 from	 ‘intermittent	 reinforcement’.	 For	30	
clarification,	 here	 ‘intermittent’	 refers	 to	 the	presentation	of	 a	 delayed	 feedback	 at	 the	 end	of	 an	31	
instructed	 task	 block.	 This	 is	 different	 from	 ‘intermittent	 reinforcement’	 where	 rewards	 are	 given	32	
inconsistently	 and	 occasionally.	 The	 term	 ‘delayed	 feedback’	might	 be	more	 precise,	 however,	 to	33	
keep	the	term	in	line	with	previous	literature	(Emmert	et	al.,	2017;	Johnson	et	al.,	2012;	Zilverstand	34	
et	al.,	2017),	‘intermittent	feedback’	is	used	throughout.	At	least	under	some	conditions,	intermittent	35	
feedback	 seems	 to	 improve	 learning	 of	 self-regulation	 in	 comparison	 to	 continuous	 feedback,	36	
probably	 by	 reducing	 the	 aforementioned	 distraction	 factors	 (Johnson	 et	 al.,	 2012).	 In	 this	 pilot	37	






cortex.	 Importantly	 they	 were	 not	 instructed	 to	 use	 a	 specific	 strategy.	 The	 authors	 of	 this	 study	44	
conclude	advantages	of	continuous	feedback	on	long-term	training.		45	
In	 the	 current	 study,	 we	 systematically	 compared	 self-regulation	 efficacy	 induced	 by	 either	46	






Given	 the	 less	 distracting	 nature	 of	 intermittent	 feedback	 we	 hypothesized	 that	 this	 variant	 of	51	
feedback	 would	 boost	 control	 over	 a	 predefined	 region	 of	 interest	 (ROI)	 when	 compared	 to	52	
continuous	feedback.	Further,	we	hypothesized	that	neurofeedback	generally	surpasses	pure	mental	53	
strategies	by	allowing	volitional	regulation	of	ROI-based	brain	activity.	We	selected	the	amygdala	as	a	54	









al.,	 2014;	Wager	 et	 al.,	 2008)	 that	may	 be	 differentially	 involved	 in	 specific	 diseases,	 such	 as	 the	64	
subgenual	anterior	cingulate	cortex	in	depression	(Drevets	et	al.,	2008),	specifically	the	amygdala	is	65	
an	important	brain	hub	that	might	be	relevant	for	a	variety	of	potential	neurofeedback	applications.	66	
Rt-fMRI	 regulation	 of	 amygdala	 thus	 represents	 a	 potential	 complement	 for	 therapeutic	67	
interventions	 of	 such	 diseases	 (Young	 et	 al.,	 2014).	 The	 results	 of	 this	 study	 contribute	 to	 the	68	
optimization	of	neurofeedback	training	of	this	subcortical	structure.	Maybe	even	more	important,	it	69	
proves	 the	 feasibility	 of	 time-delayed	 and	 sparse	 feedback	 in	 neurofeedback.	 This	 is	 of	 special	70	
interest	for	more	complex	analysis	approaches,	such	as	feedback	based	on	functional	and	effective	71	
connectivity	 of	 brain	 networks	 as	 very	 recently	 presented	 by	 Koush	 and	 colleagues	 (2017),	 which	72	







two	 intervention	 groups	 (continuous	 feedback:	 CON;	 intermittent	 feedback:	 INT)	 or	 the	 control	78	
group	 (no	 feedback:	 NOF).	 Exclusion	 criteria	 were	 contraindications	 to	 MRI,	 abnormalities	 in	79	
structural	scans	and	presence	of	mental	or	psychiatric	disorders.	The	latter	was	established	using	an	80	
in-house	 questionnaire	 for	 fMRI	 that	 captures	 the	 participant’s	 individual	 and	 family	 history	 of	81	
neurological	 and	 psychiatric	 disorders.	 All	 participants	 participated	 for	 the	 first	 time	 in	 rt-fMRI	82	



















alternating	 succession	 and	 feedback	 was	 already	 provided	 with	 respect	 to	 group.	 The	 three	100	
neurofeedback	 training	 runs	 (Training	 1-3)	 therefore	 contained	 three	 conditions	 (HAPPY,	 COUNT,	101	
REST)	changing	block	wise	in	alternating	succession,	with	each	block	lasting	40	s.	During	the	HAPPY	102	
condition	 participants	 were	 instructed	 to	 perform	 mental	 strategies,	 such	 as	 reminiscing	 about	103	





the	 participants’	 attention	 from	 the	 positive	 feelings	 and	 to	 attenuate	 activity	 of	 the	 emotion	109	
regulation	network	(Zotev	et	al.,	2011).	110	
Each	 condition	was	 prompted	 by	 a	 different	 cue	 (HAPPY:	 red	 arrow	 upwards,	 COUNT:	 blue	 arrow	111	
downwards;	REST:	white	cross).	The	cues	were	presented	on	a	screen	beside	a	grey	bar,	representing	112	
a	thermometer,	which	was	visible	for	all	participants	in	every	group	(Fig.	2).	However,	with	respect	to	113	
group,	 the	 thermometer	was	 updated	 in	 three	 different	ways:	 (1)	 For	 the	NOF	 groups	 the	 display	114	
remained	 constant.	 (2)	 For	 the	 CON	 group	 the	 thermometer	 (reflecting	 the	 current	 rt-fMRI	115	
neurofeedback	 signal)	 was	 continuously	 updated	 with	 every	 TR	 depending	 on	 the	 online	 BOLD	116	
activity	during	 the	conditions	HAPPY	and	COUNT.	Prior	 to	 scanning	participants	of	 this	group	were	117	
informed	about	the	temporal	character	of	the	BOLD	response	resulting	in	a	delayed	neurofeedback	118	
presentation	of	5	to	6	seconds	after	the	actual	neuronal	activation.	(3)	Participants	of	the	INT	group	119	
received	 the	 averaged	 BOLD	 signal	 as	 updated	 thermometer	 value	 only	 at	 the	 end	 of	 HAPPY	 or	120	
COUNT	blocks	 for	 4	 s	 (Fig	 2.).	 Participants	 of	 both	 feedback	 groups	were	 instructed	 to	 attempt	 to	121	
































Following	 Zotev	 et	 al.	 this	 study	 is	 based	 on	 a	 region-of-interest	 (ROI)	 approach	 choosing	 left	150	
amygdala	 as	 ROI.	 In	 contrast	 to	 the	 previous	 study,	 a	 neurologist	 individually	 defined	 the	 ROI	 by	151	
creating	 a	mask	 for	 the	 area	 of	 the	 left	 amygdala	 based	 on	 participants’	 T1-weighted	MR	 images	152	
using	the	software	package	FSL1	(see	Fig.	3).	At	the	beginning	of	each	of	the	five	experimental	runs	153	
this	mask	has	been	co-registered	with	the	functional	MR	images	to	minimize	displacement	artifacts	154	





distortions	 (Chen	 et	 al.,	 2003;	 Robinson	 et	 al.,	 2004).	 To	 reduce	 these	 effects	 and	 avoid	160	




















For	 the	 online	 data	 analysis,	we	 used	 the	 in-house	 software	 packages	 rtExplorer	 (Hollmann	 et	 al.,	177	
2011,	2008)	for	real-time	data	analysis	and	the	preprocessing	module	of	BART	(Hellrung	et	al.,	2015)	178	
for	 real-time	 motion	 correction.	 For	 the	 processing	 we	 transferred	 the	 data	 from	 the	 Siemens	179	
internal	 reconstruction	 computer	 to	 our	 external	 computer	 using	 a	 custom	made	 functor	 directly	180	











In	each	experimental	 run	260	volumes	were	acquired	 resulting	 in	1300	 scans	 in	 total	 excluding	20	190	
scans	 for	 the	 localizer	 block	 at	 the	 beginning	 of	 the	 experiment.	Data	were	 analysed	 using	 SPM	8	191	
(Wellcome	Department	of	Imaging	Neuroscience,	London,	UK)	and	Matlab	2010b2.	Preprocessing	of	192	
the	 data	 comprised	 correction	 for	 slice	 acquisition	 time	 within	 each	 volume,	 motion	 correction,	193	
spatial	 normalization	 to	 the	 standard	 MNI	 template	 brain	 using	 individual	 high-resolution,	 T1-194	
weighted	 structural	 images	 resulting	 in	 a	 voxel	 size	of	 3	 x	 3	 x	 3	mm3,	 smoothing	using	 a	Gaussian	195	
kernel	with	a	full	width	at	half	maximum	of	8	mm,	and	high-pass	filtering	(filter	size	240	s,	since	each	196	
of	 the	 three	condition	block	has	a	 length	of	40s,	 resulting	 in	a	 length	of	120	s,	which	was	doubled	197	










The	 localizer	 run	 (only	 relevant	 for	mask	positioning)	has	not	been	modelled.	The	Baseline	run	has	204	
been	modelled	separately	since	it	only	comprises	HAPPY	and	REST	conditions.	205	
BOLD	signal	changes	(%	signal	change)	for	the	particular	regressors	were	extracted	from	SPM	analysis	206	
results	 (contrast	 images)	 within	 the	 individual	 ROIs	 and	mean	 averaged	 across	 ROI.	 Values	 of	 the	207	
HAPPY	and	COUNT	conditions	were	 transferred	 to	SPSS	 (IBM	SPSS	Statistics	19.0)	and	R	 (R-project	208	
R3.3.0)	as	variables	for	the	following	group	analysis	based	on	the	contrast	HAPPY	–	COUNT	(HAPPY	–	209	
REST	for	Baseline	respectively).		210	
First,	we	quantified	whether	 the	groups	were	able	 to	up-regulate	amygdala	activity	 (i.e.,	 showed	a	211	




REST	 instructions	 group-wise	 during	 the	 whole	 experiment.	 To	 this	 end	 we	 used	 a	 correlational	216	
approach	 to	 compare	 the	 fit	 of	 the	 predicted	 and	 observed	 signal	within	 each	 run.	We	 calculated	217	
Pearson	 correlation	 coefficients	 between	 feedback	 block	 design	model	 and	measured	 BOLD	 signal	218	
using	 Matlab	 2010b,	 i.e.,	 we	 calculated	 the	 correlation	 between	 predicted	 and	 observed	 time	219	
courses.	We	compared	these	correlations	between	groups	with	Fishers’	r-to-z	transformation.	Lastly,	220	
we	quantified	 the	 performance	 over	 all	 runs	 and	 between	 groups	with	 the	 help	 of	 a	mixed	 effect	221	
model	 in	 R	 using	 REML	 with	 random	 slopes	 and	 random	 intercepts	 for	 both	 group	 and	 run	222	

















CON:	 4.9	 ±	 6.9,	 INT:	 8.4	 ±	 3.7,	 NOF:	 9.0	 ±	 5.1,	 F(2,39)	 =	 2.370,	 p	 =	 .107;	 it	 has	 to	 be	 noted	 that	238	
excluding	 this	 covariate	 would	 not	 change	 the	 interpretation	 of	 the	 results).	 We	 found	 no	 group	239	
differences	 regarding	 "overall	 concentration	 to	 the	 experiment"	 (F(2,32)	 =	 1.610,	 p	 =	 .216)	 and	240	
"emotional	 disengagement	 during	 COUNT"	 (F(2,32)	 =	 2.215,	 p	 =	 .126),	 but	 a	 significant	 group	241	
difference	 for	 "clearing	 the	mind	 during	 REST"	 (F(2,	 32)	 =	 7.82,	 p	 =	 .002).	 A	 Bonferroni-corrected	242	
post-hoc	test	revealed	that	the	group	receiving	continuous	feedback	was	less	effective	in	distancing	243	
from	 the	 emotional	 thoughts	 during	 the	 REST	 phases	 in	 comparison	 to	 the	 intermittent	 feedback	244	
group	 (p	 =	 .002)	 and	 the	 no	 neurofeedback	 group	 (p	 =	 .045).	 "Feedback/feeling	 of	 control	245	
correspondence"	 and	 "beliefs	 about	 possible	 improvement"	 (t(25)	 =	 -.970,	 p	 =	 .314)	 did	 not	 differ	246	
between	 the	 feedback	 groups	 determined	 by	 independent	 t-tests,	 although	 we	 observed	 a	 trend	247	
regarding	correspondence	between	feedback	and	self-perceived	feeling	of	control	 (t(25)	=	 -1.8,	p	=	248	
.083).	 Please	 see	 Table	 1	 of	 Supplemental	Material	 for	 details	 on	 VAS	measures	 per	 group.	With	249	
14	
	
regard	 to	 the	 strategies	 used	 for	 the	 up-regulation	 of	 amygdala,	 we	 descriptively	 compared	 the	250	
strategies	 used	 within	 the	 groups.	 Participants	 of	 the	 three	 groups	 have	 used	 all	 our	 proposed	251	
strategies.	We	found	no	differences	 in	the	distribution	of	strategy	usage	between	the	three	groups	252	































calculated	 Pearson	 correlation	 coefficients	 between	 the	 modelled	 experimental	 design	 and	 the	282	
measured	BOLD	signal	of	the	left	amygdala	for	all	runs	(see	Table	1	and	Figure	6).	The	results	indicate	283	









To	 compare	 the	 feedback	 groups,	 we	 extracted	 the	 BOLD	 signal	 difference	 of	 HAPPY	 and	 COUNT	291	
blocks	(HAPPY-COUNT)	based	on	the	individual	amygdala	masks	and	compared	them	over	the	three	292	
training	runs	and	the	transfer	run	(see	Figure	7).	We	formally	tested	the	influence	of	feedback	group	293	
and	 time	on	 the	contrast	HAPPY-COUNT	by	 fitting	a	 repeated-measures	 linear	mixed-effect	model,	294	













differences	 are	based	on	up-regulation	of	 the	 amygdala	during	HAPPY	blocks	 (F(1,31)	 =	 4.007,	 p	 =	306	









instructed	by	 the	 feedback	 task	 contrasting	HAPPY	vs.	 COUNT.	Additionally,	 other	emotion-related	314	
brain	 regions,	 such	 as	 ventromedial	 prefrontal	 cortex	 (vmPFC),	 precuneus	 and	orbitofrontal	 cortex	315	






































































































































































Overall,	 our	 study	 has	 shown	 that	 intermittent	 rt-fMRI	 neurofeedback	 is	 superior	 to	 continuous	470	
neurofeedback	during	 training	with	given	 strategies	as	 a	means	 to	 train	participants	 to	 volitionally	471	





less	 distracting	 intermittent	 feedback	 might	 potentially	 help	 to	 reduce	 cognitive	 load	 of	 rt-fMRI	475	
experiments	 -	 that	 are	 per	 se	 rather	 exhausting	 -	 thereby	 improving	 performance	 in	 future	 tasks.	476	
Moreover,	this	leads	to	the	conclusion	that	neurofeedback	trainings	based	on	more	complex	analysis	477	
approaches	of	large	data	quantities,	such	as	the	integration	of	several	ROIs	or	network	connectivity	478	
analysis	 (Koush	 et	 al.,	 2013;	Monti	 et	 al.,	 2014),	 are	 feasible	 using	 intermittent	 approaches.	 Thus,	479	
these	 results	 help	 to	 pave	 the	way	 for	 new	 possibilities	 of	 rt-fMRI	 neurofeedback	 trainings.	 Apart	480	
from	 that,	 neurofeedback	 targeting	 the	 amygdala	 yields	 a	 promising	 approach	 in	 therapeutic	481	
applications,	 as	 it	 has	 already	 been	 shown	 for	 depression	 (Young	 et	 al.,	 2014),	 anxiety	 disorders	482	



























































































































































































































































Correlation	coefficients	 Run	1	 Run	2	 Run	3	 Transfer	
INT	 .23*	 .38*	 .41*	 .39*	
CON	 .05	 .19*	 .17*	 .40*	
NOF	 .23*	 .33*	 .09	 .39*	
Fishers’	r-to-z	
	 z	=	 p	=	 z	=	 p	=	 z	=	 p	=	 z	=	 p	=	
INT	vs.	CON	 .49	 .3	 .55	 .29	 .7	 .24	 -.03	 .48	
INT	vs.	NOF	 .0	 .5	 .11	 .46	 .67	 .25	 .0	 .5	












C	 Peak	activation	 x	 y	 z	 t-value	 p-value		
(FWE-corrected)	
HAPPY-COUNT	
1	 Superior	Frontal	Gyrus	 -9	 62	 25	 8.24	 <	.001	
	 Middle	Temporal	Gyrus	 -60	 -13	 -17	 7.16	 <	.001	
	 Medial	Frontal	Gyrus	 -3	 50	 -8	 7.72	 <	.001	
	 Parahippocampal	Gyrus	 -18	 -25	 -17	 6.16	 <	.001	
	 Left	Hippocampus	 -21	 -19	 -14	 6.20	 <	.001	
	 Left	Amygdala	 -21	 -4	 -20	 4.73	 <	.05	
	 Left	Fusiform	Gyrus	 -24	 -40	 -27	 7.78	 <	.001	
2	 Precuneus	 -6	 -55	 16	 7.22	 <	.001	
3	 Cerebellum	 6	 -52	 -44	 7.05	 <	.001	
4	 Cerebellum	 27	 -76	 -35	 6.82	 <	.001	
5	 Inferior	Temporal	Gyrus	 57	 -7	 -20	 6.02	 <	.001	
	 Right	Fusiform	Gyrus	 24	 -31	 -20	 5.57	 =	.002	




42	 41	 22	 7.64	 <	.001	
	 Superior	Frontal	Gyrus	 21	 41	 -17	 6.71	 <	.001	
8	 Inferior	Temporal	Gyrus	 54	 -40	 -14	 6.94	 <	.001	
	 Right	Brodman	area	9		 48	 11	 31	 6.46	 <	.001	
9	 Left	Brodman	area	9	 -45	 5	 31	 5.25	 =	.005	
	 Brodman	area	44		
(Broca	areal)	












C	 Peak	activation		 x	 y	 z	 t-value	 p-value	
(uncorrected)	
1	 Inferior	Frontal	Gyrus	 30	 23	 -11	 4.08	 <	.001	
Frontal	Operculum	 48	 23	 -2	 3.42	 <	.001	
Insula	 30	 23	 10	 2.79	 =	.003	
2	 Inferior	Frontal	Gyrus	 -36	 17	 -14	 3.35	 =	.001	
3	 Medial	Frontal	Gyrus	 3	 38	 40	 3.03	 =	.002	
Superior	Frontal	Gyrus	 -3	 38	 55	 2.74	 =	.003	
P	<	.005	(uncorrected),	cluster	size	>	20,	C	-	cluster	
	
	
	
	
	
	
